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ABSTRACT 


This thesis is divided into two parts, the first being 
an investigation into the multipass underwater welding of 
mild steel, and the second an investigation into the feasi- 
bility of underwater welding HY-80 steel. With the former, 
current underwater shielded metal-arc welding technology was 
employed, while with the latter, current shielded metal-arc 
air welding technology was adapted to underwater welding. 


Multipass underwater mild steel welds are very often 
required and are commonly employed during underwater repair 
and salvage opsrations. However the physics, and even the 
basic properties of multipass welding are not well known. 
Experimental results showed that multipass underwater butt 
welds can be fabricated with marginally satisfactory tensile 
and impact strength, It appears that weld metal embrittle- 
ment due to rapid quenching causes the weld metal to become 
most susceptible to brittle fracture. This is significantly 
different from air welding, where the heat affected zone is 
more susceptible to brittle fracture, 


There are presently a substantial number of naval vessals 
afloat with all or part of their hull structure fabricated 
with HY-80 steel. However no investigation has been made into 
the feasibility of welding HY-80 underwater in order to per- 
form voyage repairs or carry out salvage operations. Simple 
lap and tee joints were fabricated underwater from HY-80 
steel of various thicknesses, and tests conducted tc determine 
joint strength and ductility as well as overall welc quality. 
Both single and multipass joints were fabricated. It was 
found that acceptable joints could be fabricated, with joint 
performance comparable to that of underwater welded mild 
steel joints. 


Thesis Supervisor: Professor K. Masubuchi 
Title: Professor of Ocean Engineering 





ACKNOWLEDGEMENTS 


The author wishes to thank Professor K. Masubuchi for 
his advice and sustaining encouragment. Also Mr. Julius 
Ritter and Mr. Robert Pasternack of the Boston Naval Ship- 
yard for their assistance with the experimental کت‎ ege 
this thesis, 

Finally, thank you to my wife Lynn, for her patience 


and diligence in typing this manuscript. 





TABLE OF CONTENTS 


Page 

0 € e e e e € e e e e 0 e 0 e 0 € 0 e e Ze 0 e 1 

e 9 o e è e e $9 0 e e e 0 2 e e e e 3 e e e e e 0 2 

è e 0 9 € e e e e e o e € e e e 0 e E 0 3 

e e @ e LJ 9 e e e e e = “ e e LÀ @ * e e 4 

FIGURES e © e e © e e o e e e e o o E o 6 € e e e e 6 

TABLES 0 e e e © e e 3 ® e € o e e 0 e 0 e e e 0 0 9 

I: INTRODUCTION 10 

Il: UNDERWATER WELDING OF MILD STEEL PLATE 13 

A. Procedure 13 

A1, Introduction 13 

A2. Underwater Welding Procedure 13 

B. Experimentai Results 21 

C. Discussion of Results 24 

Ci, Bead-on-Plate Tensile Tests 24 

C2. Butt Joint Tensile Tests 24 

C3.  Charpy Tests 25 

D. Conclusions and Recommendations 27 

Di. Conclusions 27 

D2. Recommendations 28 

III: UNDERWATER WELDING OF HY-80 STEEL 30 

A. Procedure 30 

Ai. Introduction 30 

A2. Welding of 4" HY-80 Fillet Weld Shear 32 

Specimens 

A5. Welding of +" HY-80 Tee Joints « 

A4, Welding of 5/4" HY-8O Tee Joints da 

B. Experimental Results 47 
Bi. Results of 4" HY-80 Fillet Weld Shear 

Tests 47 

B2. Results of 2" HY-80 Tee-Bend Tests 50 

A5. Results of 4” HY-80 Tee-Tensile Tests 56 


HY-80 Air and Under- 
58 


of 3/4" HY-80 Tee Joint Tests 75 


Metallography of +" 
water Welded Joints 


Results 


B4. 
35. 


TITLE PAGE . 


ABSTRACT 
ACKNOWLEDGEMENTS . 
TABLE OF CONTENTS, 


IST OF 
LIST OF 


CHAPTER 


CHAPTER 


Section 


Section 
Section 


Section 


CHAPTER 


Section 


Section 





80 
86 
92 
99 


102 


103 
103 
106 


108 


109 


110 


Discussion of Results 


+" HY-80 Fillet Weld Shear Tests 

A" HY-80 Tee-Bend Tests 

+" HY-S80 Tee-Tensile Tests 
Metallographic Analysis of +" HY-80 
Welded Joints 

3/4" HY-80 Tee Joints 

4" and 3/4" HY-80 Tee Joints Welded 
in Salt Water 


C1. 
C2. 
C3. 
C4. 
GER 
C6. 


Conclusions and Recommendations 


Conclusions 
Recommendations 


Di. 
DI, 


Sample Calculations 


SYNTHETIC SEA WATER COMPOSITION 


Section C. 


Section D. 


APPENDIX A 


APPENDIX B: 


BIBLIOGRAPHY 





Page 
e 14 
. 18 


022.5 
- 38 
. 42 
. 51 
» 52 
55 


o 
» 57 
. 62 
. 62 
. 63 


. 64 


. 64 
» 65 
» 65 
» 66 


LIST OF FIGURES 


Number 


mauipment Schematic . . . « o 2 2 2 2 ə œ 
Transverse Tensile Specimen ...... e 
Longitudinal Tensile Specimen . . . e > à 
Transverse Fillet Weld Shear Specimen. . 
Underwater and Air Lap Weide, . . . +. +. + 
Tee-Bend and Tee-Tensile Specimens. . .. 
Ex rend Test Jig . . è . è +» . e e a èo 
teg Bend Test Jig. . . . e. e e e èo 
Types of Fracture in Tee-Bend Specimens . 
Close-up of Improved Tee-Tensile Testing 
eV ERR è * & 


Entire Tee-Tensile Testing Assembly . . . 


4" Single Pass Underwater Welded Tee Joint (3x) 
+" Single Pass Underwater Welded Tee Joint (3x) 


+" Single Pass Air Welded Tee Joint (3x). 
۲" 1٦-80 Basa Metal (200x). . . . . . . . 
+" Single Pass HY-80 Underwater Weld Heat 
mmmectved zone (200x). è + è 2 2 è> è e o o 
i" Single Pass HY-80 Underwater Weld Heat 
Affected Zone (200xX). 2 2 2 2 2 2 e è» o 


+" Single Pass HY-80 Underwater Weld Metal (200x) 
}" Single Pass HY-80 Underwater Weld Metal (200x) 
{" Single Pass HY-~80 Underwater Weld Metal (50x). 


1 


2A 


vU VD N A Wo A WD 


10 
11 
12 
13 
14 
15 


16 


17 


18 


19 





66 


67 


67 


68 


68 
69 
69 
10 
TO 
T1 
T1 
ee 
me 


75 


14 
78 
78 
T9 
709 


i" Single Pass HY-80 Underwater Weld Metal (50x), 


+" Single Pass HY-80 Underwater Weld Showing 


Intergranular Cracking and Porosity (200x). . 


4" Single Pass HY-80 Air Weld Heat Affected 


MOO) LRL s. c9] 2 9 e 


i" Single Pass HY-80 Air Weld Heat Affected 


e © ® e e e e o e e e e e . 


zone (200x) . 


+" Single Pass Air Weld Heat Affected 


e e e e 9 e e e e © e e. e e 


zone (200x) . 


4" Single Pass HY-80 Air Weld Metal (200x). . 


4" Single Pass HY-80 Weld Zone Porosity (200x). . 


i" Multipass HY-80 Underwater Lap Weld (2.75x). . 


Underwater Weld Zone (200x). . 


e e 


Underwater Weld Zone (200x). 
Underwater Weld Zone (200x). 


i" Multipass HY-80 
+" Multipass HY-80 Underwater Weld Zone (200x). 
#" Multipass HY-80 
4° Multipass HY-80 
+" Multipass HY-80 Underwater Weld Metal (100x) 


Vickers Hardness for Single Pass HY-80 


Underwater and Air Welds, . . . . . . +. +... 


Vickers Hardness for Multipass Hy-80 Underwater 


9 e 


e 


ə e e e e . e e e e e e e e 


Underwater Welded Tee Joint (2x) 


Underwater Weld Zone (200x). 


Underwater Weld Zone (200x). 


Welds ص٥‎ 


3/4" Multipass 


3/4" Multipass Underwater Weld Zone (200x). . + 


3/4" Multipass 
3/4" Multipass 


20 
21 


D 


25 


24 


25 
26 
27 
28 
29 
30 
51 
e 
55 


34 


p 
56 
p 
38 





Weld Bead Profile of =" Single Pass 

Eudepwater Tée Joints e e e « « + è o sl o © © «© © «© e 85 
Weld Bead Profile of +" Multipass 

underwater Wejlded Tee Joint . . . « e 0 è 0 è è è è 3) 


Fractured Air and Underwater Welded 4+" Tee Joints .. 91 


39 


40 


41 






^ 


(2.7. 8 n 79 و‎ 
" ium. SANT “os KT eem مر ظز‎ ie ae 





E 


o 


LIST OF TABLES 


Number Page 
1. Results of Mild Steel Tensile Tests. . . o. e o o o e 22 
2. Results of Mild Steel Charpy Impact Tests. . . . . . 23 

3A. Results of +" Fillet Weld Shear Tests. . . . « + « « 48 

uo ear Strength Ratios. . 4 e e e e è «© wa wa a wv 49 

4A. Results of +" Tee-Bend Tests . . . . . è o «© © 3 è o 553 

4B,  Tee-Bend Strength Ratios . . . « . o. . 0 0 0 è a > è 54 

SA. Results of il" Tee-Tensile Tests. . . . . . 0 0 0 0 . 59 

5B,  Tee-Tensile Strength Ratios. . . . . e. o . . o. . . . 60 
6. Results of 3/4" Tee Bend Test8 . . . . . . . . 0 « « 76 
7. Results of 3/4" Tee-Tensile Tests. . TI 





10 


CHAPTER I - INTRODUCTION 


is ceport is djvided into two parts, the first being 
an investigetion into the multipass underwater welding of 
mild steel, and the second an investigation into the 
feasibility of underwater welding HY-80 steel. With the 
former, current underwater shielded metal-arec welding tech- 
nology was employed, while with the latter current shielded 
metal-arc air welding technology was adapted to underwater 
Aling. 

Shielded metal-arc underwater welding has been the most 
studied underwater welding process to date, however the 
denth of knowledge of this process is still superficial. 

The shielded metal-are process has proven satisfactory for 
the underwater repair and salvage of ships since World War II, 
but now industry needs the capsbility to fabricate steel 
structures underwater, as well as maintain them. Tremendous 
Savings could be made if undersea pipelines, offshore oil 
towers and other ocean structures could be fabricsted in 
place by a wet welding process. This current commercial 
need has spurred great interest not only in developing such 
a wet welding process, but in understanding the physical 
processes and phenomena of underwater welding in general. 
۲ئ۰۰٠‎ ol this report evaluates some of the properties 


of multinass shielded metal-are underwater welds. Multipass 
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welds are very often recommended. or required during under- 
Mer repoeir welding due to poor joint fit-up, thick plating, 
etc., and are therefore commonly employed actual underwater 
repair and salvage operations. However the physics, and 

even the basic properties of multipass welding are not wel} 
known. Grubbs’ in 1971 reported success by the Chicago 
Bridge and Iron Company in producing sound multipass under- 
water SMA welds but this was the only reference found which 
E cated any aspect of multipass welding. 

Part two of this report was an initial investigation 
into the feasibility of welding HY-80 steel joints underwater. 
The U.S. Navy has almost two decades of experience in the air 
welding of HY-8SO plate for submarine hulls. Its large 
Strength to weight ratio, plus good weldability uncer 
controlled conditions makes HY-80 steel an obvious choice 
as a surface ship hull material. There are presently a 
substantial number of naval vessels afloat with all or part 
of their hull structure fabricated with HY-30 steei. Their 
exceptional performance will increase the use of this 
material in future shiv construction. 

A literature survey revesled no published record of 


AMY experimental or theoreticel work done on the underwater 





jns 3 D. 3 
See Navy Underwater Cutting and Welding Manual 
pp vue ITT Lo 6-15, 


^ 


E Ub op. cit. 
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welding of any high strength steel. Verbal conversations 
with the Naval Ships Systems Commend welding engineer, and 
the Office of the Supervisor of Selvage confirmed that no 
U.S. Navy "in house" or contract study was presentl going 
on, or was planned on the underwater welding of HY-30 steel, 
The concensus of opinion was that a high strength quenched 
and tempered steel such as IIY-80 could not be satisfactorily 
welded underwater. 

It seems prudent et this time to conduct an initial 
investigation into the actual underwater weldability of 
HY-30 steel for the purpose of performing emergency under- 
Water repairs or conducting salvage operations, through the 
use of a wet fusion welding process. The main thrust of 
this study was to determine the practical limits of joint 
strength and ductility, as well as the overal] weld quality 


which is achievable in the underwater welding of HY-80 steel. 
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Cn AFTER II- UNDERWATER WELDING OF MILD STEEL Ra 
Section A - Procedure 


e Ar ee a‏ سے ہے 


The purpose of this portion of the investigation was 
bwofold, First to gain practical experience in the "art" 
of underwater welding under controlled laboretory conditions 
in order to fabricate actual fillet weld lap and tee joints 
underwater from HY-8C steel plate. Second to determine the 
benoile strength and notch toughness of multipass underwater 
welded butt joints and compare these values to bead-on-plate 


Specimens and base plate properties. 


AZ. Underwater Welding Procedures 


-æ rn cs 


welding squipment. ‘The welding equipment and arrange- 
ment shown in figure 1 was used for the underwater welding 
of both mild steel and HY-80 steel specimens, and consisted 
Ehe following: 

1. water tank 

2. power source with standard electrode holder 


Ze current, voltage, end time recorders 


water Tank. The welding experiments were concucten in 
a steel tank measuring four feet long by three feet high by 
two feet wide. The exterior of the tank was sheathed in 
wood and rubber matting to prevent electrical shocks. A 
platform, containing clamps for securing the specinen, was 


ted to the inside of the tank. The platform was located 





EQUIPMENT SCHEMATIC 








r 
ARCWELDER Amp 2 
DC | 
REVERSE E. "S 
POLARITY 
ELECTRODE 
meee oe اھ‎ 
SPECIMEN 24 FT? 
| TANK 
| 


FIGURE 1 
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one foot from the top of the tank so that the electrode, 
but not the electrode holder, would be submerged in the 
water. The tank was filled by a line supplying ordinary 
tap water (Boston, Mass.) and drained by gravity discharge. 


The tank was grounded to the power source. 


Power Source. A Lincoln Idealarc Model R3M 400 amp D.C. 
welding machine was used as the power source. DCRP was used 
in all experiments because of the ease in initiatine and 
maintaining an arc, and the less dense flux cloud produced 


during welding, with no apparent loss in weld penetration. 


Current, Voltage and Time Recorders. A General Electric 
D-C (0.400 amp.), Model 10H, recording ammeter was used to 


measure the current flowing in the welding circuit. An 
Esterline Angus (0.100 V) recording voltmeter was selected 

to measure the operating voltage during welding. A timing 
device consisting of a General Time Co., Model 320-1, 

electric clock connected to a circuit breaker was used to 
measure the amount of time required to lay a given iength of 
weld bead. When the arc was initiated the breaker would 

close and start the clock; breaking the arc would cause the 
Clock to stop. Dividing the length of the bead by the elapsed 


time gave the electrode travel speed. 


Welding Criteria. MIL-STD-00418B (SHIPS)- Mechanical 
Tests For Welded Joints was used as a standard in the prepara- 


tion, welding, cutting, and testing of tensile and Charpy 
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Sct specimens. 


Welding Materials. Cold rolled mild steel] plate (ASTM 242) 
was utilized for both bead-on-plate and butt joint evecimens. 
Tensile snecimens were cut from 10" long by 6" wide by 3/16" 
thick welded plates. Charpy impact specimens vere cut from 
A" long by 4" wide by 4/4" thick welded plates. 5/32" E6015 
el-ctrodes, coated with varrafin prior to welding, were used 


EN! mild steel underwater welds, 





Welding of +" Mild Steel Tensile Specimens. 10"L x 6"W 





plates were received in a cleaned and surfece primed condition. 
For transverse bead-on-vlate welds the weld would be made 
accross the width of the plate, and then a number of 10" 
long specimens cut from the plate. For longitudinal bead-on- 
pc welds, three 10" x 2" strips were machine cut from 
peer 10" x 6" plate prior to welding. for transverse butt 
joint specimens, each 10" x 6" plate was cut in half eccross 
the width so that two 5"L x 6"W plates could be butt welded 
EN original 10" x 6% size, and then cut to proper specimen 
Sizes. | 

The regions to be welded on each nlate were sanded and 
wire brushed to remove primer paint and expose clean metal 
along the desired weld line. The plates were then clamped 
to the water tank welding tray and manually welded in 8" 
of fresh weter head-on-plete welds were single pass. The 


ungrooved butt joints were multipass, with two full passes 
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made on both sidesof the plates. Due to the excessive 
turbidity which evolves during underwater welding it was 
necessary to use a wooden straightedge as an electrode guide 
in order to lay down a straight weld bead along the desired 
weld line. ‘the straightedge was easily clamped to the side 
of the welding tray, and greatly facilitated the manual 
welding of all the specimens. 

After completing the transverse welds, 1" was cut off 
each long side of the plate and discarded in order to eliminate 
any edge effects in the test specimens. The remaining 10" x 4" 
memaed plate was then cut into two 10" x 2" nieces and 
machined as shown in figure 2^4. 

"he longitudinally welded plates were already cut to 
proper size and machined as shovn in figure 2B. Plate edge 
effects were not significant in this case. After machining, 
the weld reinforcement was ground off, but care was taken not 


to eliminste weld undercut. 


welding of 3/4" Mild Steel Charpy Impact Specimens. Two 
4" x 4" x 3/4" plates were prepared and butt welded in the 


same manner as the #" transverse butt joints. Numerous 
multipass welds were made in the ungrooved joint in order to 
Completely fill the joint. All passes vere made on one side 
with hand clamps preventing angular distortion of the 
component plates. kach pass was hand wire brushed immediately 
after welding, and after each second pass the entire unit was 


removed from the tank and machine wire brushed to remove all 
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MIL-ST D-00418B(SHIPS) 
3 November 1967 


THESE EDGES MAY 
BE FLAME CUT 


Tr [a IO SE 









EDGE OF 
WIDEST FACE 
OF WELD 


Lı 


we ib "+ 0.01" IF T DOES NOT 
EXCEED |" 


w=i"+ 0.01" IF T EXCEEDS I" 


SH9220 


THIS SECTION MACHINED 
PREFERABLY BY MILLING 


Figure 2A - Transverse tensile specimen. 
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MIL-STD-00418B(SHIPS) 
3 November 1967 


SEE NOTES 485 





















DIMENSIONS i 
1 | 2 
W, - Width at center (note 5) 1+1/16 inch 1-1, 2+1/8 inch 
W2 - Width of weld (note 4) 1/2 W, (approx. ) 1/2 W, (approx. ) 
T - Thickness (note 1) Thickness of material 
t  - Thickness (note 2) Thickness of specimen 
R - Radius of fillet 1 inch, minimum 1 inch, minimum 
L - Overall length 10 inch, minimum 10 inch, minimum 
A  - Length of reduced section 2-1/4 inch, minimum | 2-1/4 inch, minimum 
B - Length of grip section 3 inch, minimum 3 inch, minimum 
C Width of grip section 1-1/2 inch, approx. | 2 inch, approx. 
NOTES 
1. The dimension ''T" is the thickness of the plate section as provided for in the applicable material 


Specification. 

2. The dimension "'t" is the thickness of the specimen. 

3. The weld reinforcement and backing strip, if any, shall be removed flush with the surface of the 
specimen. 

4. The width "Wa" of the weld may be varied to approximate 1,/2 W, by selecting an appropriate speci- 
men thickness "'t" and its location within the weld. 

9. The width "Wy" may be varied within reason to accommodate the approximation of W9 = 1/2 W, if it 
is not possible to meet the requirements of note 4. 

6. The specimen ends shall be symmetrical with the centerline of the reduced section within 0.01 inch. 

7. Remove final machining marks on reduced section surfaces with 180 grit abrasive parallel to the 
longitudinal direction. 


Figure 2B - Longitudinal tensile specimen. 
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the remaining flux covering. ‘he joint gap was approximately 
two electrode diameters wide, so two full passes could be 

made side by side without resulting sleg entrapment. After 
completion of the welding, $" was cut off each weld end and 
discarded. The weld reinforcement was ground down to the 

base plate, and then 1/16" was milled off the top side of 

the entire welded plate. Five Charpy specimens were then cut 
from the welded butt joint. "he specimens were cut perpendic- 
ular to the weld bead with the center of the weld bead 
coinciding with the center of the Charpy specimen. In tris 


way the toughness of the multipass region alone was evaluated. 


Welding Parameters. The Navy Underwater Cutting and 
Welding Manual gives a recommended current range for welding 
underwater with E6015 electrodes. This was used as a guid- 
ne in initial bead-on-plate test runs. ‘then the range of 
current settings for given travel speeds was narrowed down 
and optimized for the steel thickness being welded. 


the range of welding varameters used were as follows: 


1/4" mild steel plate 


Current 190-205 Amps (DCRP) 
Voltage 23-53 Volts 

Travel speed 11.7 - 14.5 inches/min. 
Ambient temp. 39,60F 


3/4" mild steel plate 
AAA AA 


Utena 210-230 Amps (CRP) 
Voltage 2721 Volts 

Travel speed 5=1t.4 dmehes/min. 
ambient temp. 419r 
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Section B - experimental Results 


Tensile tests and Charpy impact tests were 
conducted in accordance with MIL-STD-00418B Mechanical 
Tests For Welded Joints. 

Tensile tests were conducted on a Baldwir. hydraulic 
testing machine. The maximum load to failure and the 
fracture location were recorded, and the reduction in 
area and elongation measured for each specimen. 

Tensile strength was computed as the maximum load to 
failure divided by original cross-sectional area, 
Test results are shown in Table 1. 

Charpy impact specimens were fractured on a Tinius 
Olsen Universal Impact Machine. Three test temperatures 
were used, (68°F, 32°F, and -60°F)with three specimens 
fractured at each temperature. Test results are shown 


ma Cable 2. 
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Table 1 - Results of Mild Steel Tensile Tests 
Tensile % long. % Reduction Fracture 
Specimen Strength (psi) in 2 in.: in Area Location” 
1A 65,610 9.4 NETO W.M. 
1B 60,370 moo 0+0, W.M. 
1C 64,000 > 12,0 W.M. 
1D 66,200 O 11,9 W.M. 
15 0ھ"‎ ES NEO Wells 
Ave 
Series 1 022200 9.7 1126 oo 
OA 74 00٦ 269 o» B.M. 
2B 608,929 24.2 25.4 EM, 
20 08 ٤ loro 24,5 HAZ 
D 92, 840 ao eo WM. 
2E 293 140 19.0 146 Woe tes 
Ave 
Series 2 CETO 0+0۸1 19.6 dp 
3A CEES CN Se Wele 
B 31115352918, S5 di US W.M. 
5C ھ۶‎ ۹ ۵ 36 6.1 W.M. 
5D 40:285 7.4 9.2 W.M. 
Ave 
Series 3 42 34 6.8 9.1 a 
È W.M. = Weld Metal 
HAZ = Heat Affected Zone 
B.M. = Base Metal 
Series 1 = Single pass longitudinal bead-on-plate. 
Series 2 = Single pass transverse bead-on-plate. 


series 3 = Multipass transverse butt weld. 
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EN? — Hesults of Multipass Mild Steel Charpy Impact Tests 
NEE وج‎ ee ee eo سے‎ 


Impact 





specimen Temperature Ga snergy (ft-lbs. ) 
42 63°F 28,0 
Ap 630% 28,2 
du ER 26,1 
"ve 63? p 27.4 
41) pap 20.0 
: San 18.5 
EE BE 
Ave go y E 
4G -60°F 7.6 
4H -€0°F 6,4 
4I -60°F 8.0 
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Decuron E = Discussion of Results 


C1. Bead-on-Plate Tensile Tests 

Weld penetration in the longitudinal and transverse 
bead-on-plate specimens extended down to about two-thirds 
the plate thickness. However even with this deep penetra- 
tion, specimen behavior ee testing approached that of 
Unwelded base plate rather than that of welded butt joints. 

transverse head-on-plate specimens showed the best 
etrength and ductility of the three specimens tested. This 
is surprising in view of the fact that these specimens vere 
loaded in a direction perpendicular to weld undercut, and 
therefore undercut notch effects should have caused premature 
failure. Instead these specimens performed significantly 
better than the longitudinal bead-on-plate welds which were 
loaded in parallel to weld undercut notches, and thus failed 
fee means other than root crack initiation and propagation. 

In the longitudinal weld specimens, all zones of the 
weld strain equally and simultaneously. ‘the region with the 
Orest ductility will therefore initiate fracture below the 
Metimat: tensile strength of the surrounding base mete]. All 
fractures in these specimens initiated in the weld metal 
bead. The conclusion then is that for underwater welded mild 
Steel, weld metal embrittlement rather than weld undercut 


fd initiate premature, catastrophic failure. 


BE Butt soins) Tensile Tests 





vomparison of butt weld test results to bead-on-p? ate 
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test results indicates that bead-on-plate svecimens do not 
Simulate actual butt joint behavior very well. No matter 
how deen the bead-on-plate weld penetration may be, there 
will still be some base metal below the weld bead which will 
Wééicantly alter test results. 

transverse multipass butt joints had 6% > the tensile 
etrength and only 42% the ductility of the transverse bead- 
on-plate specimens, whereas tne bead-on-plate specimens had 
25.295 the tensile strength and 74% the ductility of ASTM 242 
wenn ate. In addition the butt joints all failed through 
o well metal, 35 predicted by the longitudinal specimen 
test results, while the transverse bead-on-plate specimens 
fered in all three regions without preference. 

Series 3 results correlate verv well. with the work of 

Grubbs’ who also tested the tensile end impact properties 
of multipass underweter welded mild steel, This leads to 
the conclusion that the extensive bead-on-plate underwater 
Wedding investigation carried out by دہ‎ ees not give a 


food indication of actual underwater welded joint performance. 
meee Charpy Tests 
Results of impact tests show that the multinas underwater 


welAs met the minimum Charpy impact values for marine steels 


2 
meee, 10-15 ft-lb minimum at 50987 "he brittle frecture 


ad 


ro 


jarubbr On. Ou Us 


Selva On. clt. 


En on. cit. ppi 
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transition temperature is just about at 32 which makes the 
welds barely satisfactory for use in the coldest ocean water 
regions, 

Again Cherpy impact test results correlate well with 
the work of Grubbs. except for the higher value at 30°F 
Wiech indicates a significantly lower transition temperature 


(about 0° F) for his welds. 


۴ 

Kultipass underwater weld Charpy impact values vere: 
^4 ft-lb at 7C" 
2 arten at *0"5 


oe ITD aC OF 


l 
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cae 


“ection D - Vonclusions and Recommendations 


on the Underweter Welding of Mild Steel 


fee Conclusions 

e. oatisfactory multipass underwater welded butt joints 
can be febricated. However joint strength could be 
Significantly improved by increasing weld metal and 
heat affected zone ductility, and decreasing weld 
undercut. Weld zone ductility can be increased by 
reducing tne severe quenching effect of the aqueous 
environment and thereby improving weld zone micro- 
structure. Undercut can be reduced through improved 
"یی‎ ٣۰۰۰۰3 11ت ظ6ہ‎ 0700117601061 ol welding parameters. 

Improving weld zone grain structure will] also 


increase joint notch toughness. 


ge Orosity was not a significant problem either in single 


nass bead-on-plate welds or in multipass butt joints. 


c. Head-on-plate tensile specimens indicated the weakest 
regions in the underwater weld cone (i.e. welà metal, 
and undercut notch root) where vremature fracture is 
most likely to occur. However bead-on-plate specimens 
did not give a valid indication of actual butt joint 


Berformance, 


1l. Excessive turbidity created in the water during welding 


made proper placing of the bead extremely difficult, 
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especially in the welding of thin plate butt joints 
where a close fit up leaves no groove to guide the 
electrode along the desired weld line, In multipass 
welding, a wider joint gap can be used which provides 


better guidance for the welder. 


D2. Recommendations 
a. There is a need to investigate the performance of 

underwater welded joints which are welded in the 
vertical and overhead positions. All literature 
references cited in this report, except Grubbs, 
investigated the quality of underwater welds made in 
the horizontal position only. This makes laboratory 
work easier, but is highly restrictive in the applic- 
ability of test results to actual underwater welding, 
where most welding is done in positions other than 
horizontal. In fact, most operational welding is 
done on curved surfaces (i.e. ship hulls, pipelines, 
etc.) where the welding position is continually 
Changing. The weldability of such curved joints may 


vary with welding position. 


b. Use of a welding shroud to reduce the quenching effect 
of the water environment has been shown to be beneficial 


by Silva®. Further study on the effects and design of 


silva, op. cit. pp 40-75 
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welding shrouds for all position welding is needed. 


The possibility of tempering the most brittle regions 
of the underwater weld zone needs to be investigated, 
Oxy-hydrogen and Oxy-MAPP torches, or Burning Bars 
could be used for this purpose, Research and develop- 
ment of effective tempering techniques for underwater 
welds will bring the highest return in increased 


joint performance per dollar invested. 


Further investigation on the best combinations of 
welding parameters and welding technique for minimizing 
weld undercut is needed. Simple shrouds can be used 

to reduce undercut in the horizontal welding position, 
but will not be effective in vertical and overhead 
shielded metal arc welding. Optimization of welding 
parameters and techniques will be effective in reducing 


undercut in all welding positions. 
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CHAPTSR III- UNDERWATER WELDING OF HY-80 STEEO 
Section A - Procedure 


ES Introduction 

The purpose of this investigation was to determine the 
feasibility of welding HY-80 steel plate underwater in order 
to fabricate joints of reasonable quality and strength for 
temporary repairs such as interim (voyage) repairs or for 
use during salvage operations. The general approach taken 
was to compare specific properties of simple underwater 
welded joints with the same joint configuration welded in 
air. Joints were fabricated and specimens prepared and 
tested in accordance with Department of Defense MIL-STD- 
00419B Mechanical Tests for Welded Joints and with MIL-S- 
16216H Fabrication, Welding and Inspection of HY-80 Submerine 

Fillet-weld lap joints, tee-bend joints and tee-tensile 
joints were fabricated with +" HY-80 plate in air and under- 
water, and the specimens tested and compered. Also 3/4" tee- 
bend joints and tee-tensile joints were fabricated under- 
water, with specimens cut and tested. Randomly selected air 
and underwater welded specimens were جک سس‎ 
۲۰۰٦۰۱٦٦۶۹٢ and microhardness tested to better determine the 
overal! weldability and weld quality of the underwater welded 
joints compared to air-welded HY-80 plate, 

The same welding eauipment and set-up used for the 


underwater welding of mild steel was used for the underwater 
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welding of the HY-80 steel. The HY-80 air welds were per- 
formed on a welding workstand using the same power source. 
1/4" and 3/4" rolled HY-80 plate and 1/3" diameter £11018 
and ¿1310-16 electrodes, heated in holding ovens for a minimum 
of four hours, were utilized. Both electrodes were nand 
coated with a thin coat of paraffin after cooling and prior 


to welding. 


Determination of Welding Parameters, Since no references 
exist which give recommended welding parameters for the under- 
water welding of HY-80 steel, a trial and error method was 
employed with underwater bead-on-plate welds to obtain a 
range of values suitable for the plate thickness end elec- 
trode diameter being used. For the Lincoln Idealarc Model 
R3M 40C D.C. welding machine there is no separate voltage 
settings. Voltage is preset in the machine to vary Dro- 
Peroionalliy, with current, as the current setting is adjusted. 
Therefore as a first cut the range of values determined were 
Current setting required to initiate and maintain an arc, 
utilizing the drag welding technique (lower limit), and 
current setting which caused burnthrough (upper limit) using 
a 1/3" diameter 3110183 electrode. Practice runs were then 
made with actual fillet-weld lap joints and tee joints in 
En cr to firstly accustom the author to "feel" the joint and 
place the weld bead along the desired line even with ex- 
messijve turbidity, and secondly to narrow down the range of 


weldinp varinbles, in this case current and travel speed, 
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so as to maximize joint penetration while minimizing weld 
undercut. In all cases the maximum heat input was well 
below the maximum allowable heat input for 1/4" and 3/4" 


HY-30 plate listed in appendix A. 


W 


Y-30 Fillet 





O 
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eld Shear Specim 
Transverse fillet shear specimens were cut fron welded 
plates as shown in figure 5. The component plates were 
received in a cleaned and surface primed condition. The 
plates were cut to size and the joint areas were pneumatic- 
ally sanded and machine wire brushed to remove all primer 
paint and expose clean base metal. The component plates 
were then assembled in position in the water tank welding 
tray and the assembly clamped to the welding tray with two 
large hand clamps. The tank was then filled with fresh 
water to a level 8 inches above the ton plate of assembly 


and welds were made with 1/3" 69211018 electrodes. 


p ding Sequence, The sequence of welding was one pass 
On each of the two top lap joints, then the assembly was 
turned over and reclamped, and one pass was made on each of 
the remaining two lap joints. After each pass the weld 
bead was manually wire brushed to remove the soft, powdery 
flux covering, which was similar in nature to the quality 
of the mild s*eel (£6013) flux covering described in section II 
A1 . On multipess welds the welded assembly was removed 
(rom the tank after the first set of passes was completed 


Mae extensiveiv machine wire brushed to remove pockets of 


A2. Welding of 1/4" 5 





55 


rscarcd 
4t 


EA 
machine 
Fu 
Specimens 





(ucc aro 





igur. 5' - Transverse fillet-weld shear specimen. 
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flux entrapped in the undercut roots or in surface pores, 
The assembly was then returned to the water tank, placed on 
the welding tray unclamped end welded in reverse sequence 
from the first set of welds, i.e. the joint last welded on 
the first pass was the first joint welded on the second 
Meee and so on. This procedure plus tne constraining force 
of the clamps effectively eliminated weld distortion and 
plate separation. The clamping method was preferred over 
tack welding because a tack weld would have caused some slag 
entrapment under the covering plates along the joint which 
could adversely effect weld fusion in the region of the tack 
weld. Also a tack weld would have caused local metailo- 
graphic perturbations which would have unnecessarily 


complicated san already complex problem. 


Eunface Defects. Two full passes per leap joint were 
made in the multipass welds. However the amount and size 
of surface porosity caused by the second pass was many times 
worse than that of a single pass, “¿ven making a single pass, 
and then delaying the placement of the second pass for up to 
42 hours did not appreciably decrease the surface porosity 
problem caused by hydrogen entrapment and diffusion through 
the weld metal. Ordinarily surface porosity is considered a 
Second order problem compared to undercut in its effect on weld 
strength and toughness. However in the case of underwater multi- 


Docs welding of i" HY-^O plate with E110193 electrodes the effects 
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of surface cavities ( and subsurface porosity) could be 
Significant through an inordinately large decrease in weld 
crossectional area and in allowing the water environment 
access deep into the weld metal, where accelerated corrosion 
con occur through the formation of differential aeration 
cells. This would eventually cause extensive local corrosion 
through the heat effected zone and into the base metal. 

This latter problem is especially significant in a marine 
environment, and therefore weld bead "tightness'" is essential 


in underwater welding. 


Repair Welds. Although these sheer welds were removed 
from the water after welding and were to be tested in air, 
the author considered it essential to determine the extent 
to which the worst cases of surface porosity could be 
eliminated. The deepest pores in each bead were ground 
down to the weld root with a smell hand-held pneumatic 
grinding wheel and then machine wire brushed, The welded 
assembly was then placed back in the tank and short linear 
"repair" vasses were made over the ground down areas. 
Usually only one such pass was needed unless the ee io in 
Em bend was not placed exactly on target, in which case 
the area was manually wire brushed in the tank and znother 
E placed over the area, Due to poor visibility present 
even in 3 inches of water, it was impossible to tell if the 
EN Wee pleced correctly until after brushing away the flux 


۳۰.۰٣1٦ “built 15 seconds for the water to clear. üfrer 
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extensive vractice the author was able to place these “repair" 
welds with about 75% accuracy, without producing arc craters 
in the surrounding sound weld metal. Therefore such local 
fusion repairs are feasible for large surface defects which 
inevitably occur in the underwater multipass welding of 

| YX-80. It should be mentioned here however that such Large 
defects requiring this type of extensive repair were fairly 


uncommon. 


een Ee Stainless Steel Electrodes. Grubbs! egal, 
reported success in reducing hydrogen trapping and cracking 
probleme through the use of austenitic stainless steel 
electrodes in the underwater multipess welding of high carbon 
equivalent (0890.40) structural grade steels. In welding 
Mire rwaeter, rapid quenching retards the diffusion rate of 
Myaropen entrapped in the weldment., Austenitic stainless 
steel electrodes can often decrease the hydrogen problem by 
storing large quantities of hydrogen in the weld metal, 
keeping hydrogen away from the crack sensitive heat affected 
zone and additionally reducing the porosity problem., 

Since i" KY-30 has a carbon equivalent of 0.546 (chemical 
composition varies with thickness), it was decided to attempt 
the underwater welding of f" HY-80 shear fillet weld specimens 


mre a Suitable austenitic stainless steel electrode as a 


EN OD. cit.‏ ہدک 


A x Nn Qc Nr Y Ni + Cu 
mt t o SE Bo om s T 1 
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back-up in case for some reason the #11018 electrode welds 
proved unsatisfactory during testing. Plates were prepared, 
assembled and welded with 1/8" E3510-16 electrodes as 
previously described for the E11019 electrode welded »lates. 
The #310-16 welds were all two pass welds. The weld beads 
of both the first and second passes were of excellent 
quality with minimal undercut and very little surface 
porosity. ‘The bead was smooth and regular and was very 
Similar in apvearance to air welded specimens welded with 
811018 electrodes. (See figure 4). No surface grinding or 
Spot repairs of any kind were required. The cc رک‎ 
aspect of underwater welding with 8310-16 electrodes was 
that, although the stainless steel electrodes have s much 
lower melting point than os electrodes, nearly the same 
welding current and voltage was required to initiate and 
maintain the arc. The electrode melted at a much higher 
rate, and the end portion of the electrode which remained 
out of the water turned cherry red after about ten secondes 
of welding. This caused the electrode to bend severely 
so that it had to be discarded after about 20 seconds of 
welding. ‘This problem would not occur in operational 
underwater weiding where the entire electrode is immersed, 
however a high electrode travel speed would stili have to be 
used to avoid excessive bead size and to prevent melting of 
fae ton lap plate edges. Opacity of the flux cloud was 
Similar to that of the 11018 electrode, however the flux 


Covering, over the weld bead was very powdery and could 
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Figure 4 - Single nass underwater lap weld with :310-16 elec- 
trode (left) verses single ness air lap wela with 
511018 electrode (right). Upper left corner of 
2310-16 weld was ground down to eliminate an arc 
crater caused by en interruption in the weld bead. 


née 
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easily be removed by hand rubbing. 


welding Parameters. The range of welding parameters 
used in the underwater weiding of fillet weld shear specimens 


were as follows: 


E TOSS A E 


current 180-210 Amps (DCRP) 
voltage 23-36 Volts 

travel speed 9,8-12.1 inches/min. 
heat input 52.1462767 TOUT e c an 
ambient temD. 43.6%. 


4510-16 electrode 


current 160-180 Amps (DCRP) 
voltage 35-39 Volts 

travel speed 10.6-15.7 inches/min. 
heat input 27, 223-35,650 Joules/sec. 
ambient tem». 44. 19F 


All welds were made in fresh water using the electrode 
drag technigue. Plate assemblies were at ambient water 
temperature for 381] single nass and multivass welds (intervass 
temp. - ambient temp). The same power settings were used 
for single and multipass welds, with only travel speed being 


var i ed e 


ent inspection, immediately after welding, the plates 
SS varcfully visually examined for surface cracking: 

EE 1hn1tudinal, transverse, crater cracking) under e 

X vicrwonr gloss. She welded plate was then stored on e 


Exbory heil (nr a minimum of 7 days, then virually 
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examined again and cut into 1+" specimens on a heavy duty 
hydraulic band saw. No case of surface cracking (immediate 

or delayed) was found through visual observation. In addi- 
tion a dye penetrant test was conducted on a randomly 

EN cred plate prior to cutting into specimens. All four 
BONS beads showed no case of surface cracking. Substructure 


eharscteristics will be discussed later, 


Air Welded Specimens. For comparison with the under- 
water welded specimens, identical shear fillet weld specimens 
eré air welded both by the author and by a qualified IiY-50 
welder. The plates were prepered, and assembled in the same 
way as the underwater welded plates, and were then welded on 
a standard welding workstend. One assembly was single pass 
welded by the author, another was single pass welded by a 
qualified HY-980 welder. The assemblies were not preheated ` 
or postheated.  Interoass temperatures, although not 
E mired, were quite high, i.e. all four joints were welded 
consecutively without any cooling period between welds. 
51101 "^ electrodes were used with a weaving gap welding 


0+ ہہ‎ A 


1 I ۲ Y 
j E i i 24 
` : e 
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The range of electrode parameters for the air welds 


were as follows: 


511018 electrode 


current 120-135 Amps (DCRP) 
voltage 43-43 Volts 

travel speed 3.0-13.3 inches/min. 
heat input 72 924 go Sonles/ın, 
ambient temp. SD UE 


or e‏ وی سے 


Tee joint specimens used for tee-bend tests and tee- 
tensile tests were cut from welded plates as shown in figure 5. 
Six specimens were cut from each plate, with three being 
used as tee-bend specimens and three as tee- tensile 
Specimens., The plates were cut to size and the joint areas 
were pneumatically sanded and machine wire brushed to remove 
all primer paint and expose clean base metal. The component 
Dlates were then positioned together on a workbench and two 
Tarse hand clamps were used to hold the vertical plate at 
90° to the base nlate. No machining of the joint wes made 
so that the bottom edge of the vertical plate lay flush 
against the base nlate (see figure bi, The assembly was 
then placed in the water tank welding tray, with the base 
plate positioned ata 45° angle to the horizontal welding 
tray to facilitate welding. The tank was filled and the 
Mts welded with 1/9" £11013 electrodes in 8 inches of 
Meesh water. Both single and multipass welds were made. 


wEeldments were hand wire brushed and then machine wire 
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sigure 5 -= “ee-bení anu tee-tensile specimens. 


12" bend svecimens 







A MA LE 


1$" tensile 
Specimens 


don 
discard 


U"e nlate—— 


poocnmineecut itor bem 


S specimens 


fillet weld 


` 


gJ 
y, 
y 
e 
1 


} ' 


Mara meneilon 





43 


brushed between passes, and the second pass was made in 
opposite sequence to the first pass as in the case of the 


shear fillet welds. 


surface Defects. Both single and multipass welds were 
made with the same power inputs as the shear lap welds but 
at higher travel speeds with resultant smaller bead sizes 
and somewhat less joint penetration. Undercut was about 


the same as for the shear lap specimens, but surface porosity 


N 


was Significantly less in size, depth and density. The weld 


> 


beads were so much improved that no grinding or spot repairing 
were required, however weld bead appearance was still of 
much lower quality than the 2310-16 electrode welded lap 


ponts. 


Welding Parameters. The range of electrode parameters 


used were as follows: 


#11018 electrode 


current Rosie a (DORP) 
voltage 28-56 Volts 
travel speed 8 1 111 8 70 
heat input Do on 37. 967 Joules, in. 
ambient temp. 43,9°F 

the welded plates were visually examined in the same 


emer described in section A2 before being cut into it 
E oma. in cutting the specimens for tee-tensiles tests 
meee rtieal tee was Lett intact in ortier to fit into the 


E ins machine «rips. On the tee~bend specimens, 
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Mmemevertical tee was cut approximately 1 inch above the 
base pjate so that the specimen would fit into the bend 


testing machine, 


fer welded Specimens. Single and multipass tee joints 





Were similarily prepared and assembled, and air welded using 
1/3" 311013 electrodes for comparison with the underwater 
Me” specimens. No preheat, postheat or interpass cooling 
was utilized. 


The range of electrode parameters used were as follows: 


3110183 electrode 


current 120-135 Amps (DCRP) 
voltage 43-43 Volts 

travel speed 3,5-14,2 inches/min. 
heat input 24,558-40,976 Joules/in. 
ambient temp. Ma 


Aa, welding of 5/4" HY-S90 Tee Joints 
Time did not permit the welding end testing of 5/4" 
fillet wela shear specimens, however a series of tee-bend 


~ 


and tee-tensile tests were conducted on 3/4" HY-80 underwater 
welded tee joints. The plate dimensions were 12" x 4 2/4" 
Mee a double» beveled web, as shown in figure 55, to insure 
adequate penetration, The plates were prepared and assembled 


| ZUM ۰7 x ek 
ENNIO came way as the i" iiY-90 tee-joints and welced in 


inches of fresh water with 1/3" diameter 511013 electrodes. 


SO rn س‎ RT 


* CN CN E 
see Section 


I» 
> 
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Welding Sequence, Four to five passes per side were 
made, ^^ full pass was made on one side of the web, then a 
full pass on the other side. Sach pass was hand wire brushed 
immediately after welding, with the entire assembly being 
removed from the tank and machine wire brushed after each 
set of passes. The assembly was then replaced in the tank 
and the next set of passes made in opposite seouence to the 
E weeding set. rand clamps were attached to the plates 
throughout the entire welding operation. After the second 
anid fourth set of passes both sides of the web were ground 
"own with a hand held pneumatic grinder. The fillet weld 
Peintorcement was ground to a 459 angle, removing most of the 
Ee: cavities in the process. After grinding down the 


fourth set of passes, isolated repair welds vere made to 


move the deepest pits which remained, 


weaving Drag Welcing Technique. As mentioned in Section 
A2, an electrode weaving technique was used to good advantage 
the air welding of +" KY-80 tee joints. On the final 
Base of the 5/4" HY-80 underwater tee joint fabrication a 
weaving motion was employed with the electrode drag metho. 
Lo determine if a weaving technique could be as advantageous 
in the underwater welding of relatively thick plate as it 
proved to bc in air welding. Of course in welding eny 
beveled joint, the electrode is physically restrained from 
weaving during the first few passes where the machined groove 
is quite narrow. However on the outer vortion of the beveled 


joint the groove becomes wide enough so that the electrode 
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can be manually maneuvered. During air welding, the molten 
weld remains fluid long enough to fill in all the gaps caused 
by a weaving electrode motion. In underwater welding the 
molten weld metal is quenched so fast that the weld bead 
cannot flow and fill in all the gaps. The result is a weld 
bead ribbon that weaves back and forth accross the joint like 
a Sine wave, so that another weld bead ribbon must be laid 
"180% out" from the first in order to completely fill in the 
Wéést Set of gaps. This premature solidification of the 
underwater weld bead nullifies the advantage of electrode 
weaving, that is, it still takes two or more passes to 
satisfactorily weld the same joint volume that can be welded 


in air using s weaving technique. 


Welding Parameters. The range of electrode parameters 


i were as follows: 


511018 electrode 


current 250-260 Amps (DCRP) 
voltage 21-26 Volts 

travel speed 6,6-8,5 inches/min. 

heat input 33,591-54,363 Joules/in. 
ambient temp. 42.49 F 


| Interpass temperature was eaual to ambient water tempera- 
ture. 


Ho air weld tee joints were made. 








47 
Section B - Experimental Results 


B1. Results of +" HY-80 Fillet-weld Shear Tests 


specimen Preparation, Fillet weld shear tests were 
conducted in accordance with the procedures and specifications 
of MIL-STD 00418B. Specimens were cut to 14" width and the 
average fillet throat dimensions measured, All four weld 
beads were then ground down to approximately a 45° ic Ge 
except on the single pass underwater welded specimens. The 
grinding process removed almost all surface porosity, but 
special care was taken not to eliminate undercut. The 
Single pess underwater welded specimens were not ground down 
because the weld beads were so small that hand grinding would 
have effected weld undercut which, as mentioned previously, 
has a greater effect on weld degradation than surface 


porosity. 


Meeting Procedure. All specimens were sheared under 
tension at room temperature on a Baldwin hydraulic vesting 
machine and the maximum load in pounds recorded. Shear 
streneth/linear inch and shear strength were then calculated 
as shown in Appendix A, and tabulated in table 3. Also 
included sre percentages ot average underwater weld sheer 
strength vs. average air weld shear strength for various 
specimen series. The significance of these results will be 


Wéscussed in detail in the next section. 
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B2. Results of ;" HY-80 Tee-Bend Tests 


E Une Procedure. Tee bend specimens were cut from 
welded nlates as shown in figure 5. No weld bead grinding 
was performed. ‘Tee bend tests were conducted on a Blackhawk 
Porto-Power P1982 hydraulic bend test machine, MIL-STD-00418E 
specifies a tee~bend test jig as shown in figure 6, for 
condueting these tests, however none was available either 
at Boston Naval Snipyard or at M.I.T. A guided benû test 
Jig, shown in figure 7, was available and used as a substitute. 
Ihe guided bend test jig is designed for bend testing flat 
Me butt joints, and therefore has no tee slot to prevent 
E uns of the tee plate to one side or the other during 
testing. lowever as shown in figure 5, the narrow edge 
of the ungrooved tee plate lay perpendicular to the base 
plate and was tightly clamped in place, so that no angular 
distortion occurred during welding. Also during testing, the 
jig plunger was carefully placed at the midpoint of the tee, 
The result of these two procedures was a very smal] amount 
of tee plate veering during bend testing, which for the 
purposes of comparative analysis between underwater welded 
Specimens and air welded specimens was insignificant. 

Figure 1% shows a typical angular deviation of approximately 
3° from the vertical. 

Results of tee-bend tests are shown in table 4, Also 
included are percentages of average underwater weld bend 


strength to average air weld bend strength for various 
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Figure 6 - Tee bend test Juss 
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Figure T - Guided bend test jig. 
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Table 4A - nesults of Tee-Bend Tests 


"Pacture load 
(1bs) 


Total bend angle 


88 L men at failure Type Fracture 
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TYPE T FRACTURE 


A CRACK WHICH STARTS AT THE TOE OF THE 
FILLET AND FOLLOWS THE BOND ZONE OR THE 


HEAT AFFECTED ZONE UNDER THE WELD BUT 
DOES NOT TURN INTO THE PLATE METAL. 











TYPE '2' FRACTURE 


A SLOWLY PROGRESSING CRACK WHICH STARTS AT 
THE TOE OF THE FILLET AND EXTENDS EITHER 

NEU DIRECTLY INTO THE PLATE MATERIAL OR FOLLOWS 
THE BOND ZONE OR HEAT AFFECTED ZONE FOR A 


SHORT DISTANCE AND THEN TURNS INTO THE PLATE 
METAL 











E TYPE '3' FRACTURE 


SA A SUDDEN OR SHARP CRACK WHICH GENERALLY 


STARTS AT THE TOE OF THE FILLET AND EXTENDS 
DIRECTLY OR PERPENDICULAR IN THE PLATE METAL 


Figure 8- Types of fracture in tee- 
bend specimens. 
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specimen series. All specimens failed by Type '?' fracture 


as described in figure 3, 


B3. Results of ;" HY-20 Tee-Tensile Tests 


Testing Procedure.  MIL-STD-00419B lists no standard 
tee-tensile test, however for completeness of this study 
it was desired to conduct some form of tee tensile test to 
roughly assimilate the behavior of a load bearing padeye 
which is commonly welded to sunken hulls during salvage 
Operations, 

Since bend strength had already been tested, the goal 
of this test was to pull the tee joints in axial tension 
without any bending stresses. Unfortunately since this 
test is not a standard Navy test, there was no suitable grip 
assembly available for conducting this test at the Boston 
Naval Shipyard Materials Testing Lab. However lab techniciens 
did improvise an assembly to hold the horizontal base plate, 
while the vertical tee plate was placed in a standart 
tensile grip. With this method two holes had to be drilled 
into the base plate, one on either side of the tee plate 
away from the weld zone, in order to secure a 'V' bolt to 
the specimen., The two holes reduced base plate crossectional 
area to such an extent that when loaded in tension the base 
Plates of the first three specimens tested underwent moderate 
to severe bending, 

namens, 150 failed by bending at fairly low 


0 e. IAS o specimen 15B, which was the last 
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rigure 9 = Close up of improved tee-tensile testing assembly 
showing holding disc. 3/4" HY-80 tee joint is 
shown ready for testing. 


> 





Figure 10 = Bntire tee tensile testing essembly with 3/4" 
HY-80 tee joint shown ready for testing. 
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specimen tested, the Vee bolt also fractured. Since base 
plate bending of all three specimens was asymmetric and 

bend angle at fracture was not measured, but merely total 
bend angle after removal from the testing machine, ro real 
conclusions can be drawn from this data, except for the fact 
that bending greatly effects joint strength as previously 
determined. 

After failure of the first assembly, a more substantial 
assembly was developed in which the base plate was completely 
restrained from bending. The improved assembly is shown in 
figures 9 & 10. The vertical tee plate is placed through a 
Sot in fe holding disc. The slot is wide enough so that 
it doesn't rest on the weld, and yet small enough so that 
specimen bending is effectively prevented, thereby forcing 
the joint to fail in shear only. | 

Tee tensile specimens were cut from welded plates as 
shown in figure 5, and tested on a SATEC SYSTEM INC, Model 
60BTE hydraulic tensile testing machine. Results of tee- 
tensile test are shown in Table 5, with percentages of 
average underwater weld joint strength verses average air 


weld joint strength for various specimen series included. 
3 | = | 


k4, Metallosraphy of i" HY-80 Air and Underwater Welded Joints 





Figures 11 through 32 are macro end micro- specimens 
of rendomly selected i" tee and lap joints welded with 
EN UU. epoetrodes, Figures 11 through 13 show the weld 7one, 


Joint penetration, undercut, porosity and other characteristics 
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Tee-Tensile Tests 








TARIS DI —- Results of 
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Table 5B - Tee Tensile Strength katios 
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x 100 


SAA psi 


76,089 psi 
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of typical air and underwater welded joints. Figures 14 
through 32 show grain structures of various regions cf the 
welds in order to compare the metallurgical characteristics 
of these joints. Unfortunately time did not permit the 
preparation of sufficient specimens so that one specimen 
could be etched for each particular weld region. Therefore 
a small number of specimens were prepared and etched to a 
degree that showed the grain structure of all the different 
weld regions. As a result one region might be slightly 


overetched in order to show up a more slowly etching adjacent 


region. Thus the quality of etch will vary from zone to zone, 


however the general trends of each region are apparent. 
Figures 33 and 34 show Vickers hardness through various 
specimen weld zones in order to correlate grain structure to 


hardness for air and underwater welds. 
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Figure 11 - Single pass underwater welded tee joint using 
511018 electrode. 3x, 3% Nital etch) 





rigure 12 - Single pass underwater welded tee joint usine 
ETTOTS electrode. (3x, 10% HCL etch) 
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- Single pass underwater weld heat sffectei zone 
: (AR LN. 
(left) - base metel interface. (200x, 1% Nital 
etch) 


rigure 1 


ا١‎ n 





Cie Y. 1€ “ing” e TAS 1) Momus Torn ra] 3 re nt etim. r man ہے‎ 
SE Y , EE تی‎ Lite ^ JC در‎ un a a A یر‎ e ہے‎ 4 fi a : 


(20Cx, 1€ Titel etch) 





(tov-left) - weld metal interface Note heavy 


rigure 17 - Single pass underwater weld heat affected zone 
grain boundaries in HAZ. (200x, 1% Nital etch) 





m. 
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Eure II Single pess underwater weld metal. (200x, 1% 
Nital etch) 
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E E "eege, 


01 


2j 


metal showing porosity 
grain growth. (50x, 19 


ass underwater weld 
ight) and dendritic 
ch) 


Grats OO 


e 








pess underwater weld metal showing a region 
nse porosity. (50x, 1% Nitel) 


rigure 19 - 


Sigure 20 - 








figure 2] - Single pass underwater weld metal showing inter- 
granular microcracking - porosity at lower right 
initiated microcracks. (200x, 1% Nitel etch) 





Eure 22 - تہ‎ vass 16ء‎ 


neat 
ese metel interface. (200x, 








Figure 23 - Small grained region of heat affected zone in 
a single pass air weld. (200x, 1% Nitel etch) 
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Figure 24 - Intersection of small grainen-large grained 
regions of heat affected Zone in e single pess 
Sree. (200%, 1% Xital etch) 
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Figure 25 - Single pass air weld heat effected zone (right)- 
we]d metal interface. (200x, 1% Nitel etch) 





rigure 2€ - Single pass air weld large grained region of 
heat effected zone showing a region of dense 
Boroeıtysbuc no micerocrackine.  (200x, 1€ Nital 
etch) 
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Figure 29 - Multipass underwater weld first pass heat affected 
zone,  (200x, 1% Nital etch) 





rigure 30 - Multipass underwater weld showing first occurrence 
of second pass HAZ grains over first vess weld 
metal. (200x, 1% Nital etch) 
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Figure 31 - Multivass underwater weld showing center of 
second pass HAZ-first pass weld metal overlan 
region. (200x, 1% Xitel etch) 
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rigure 5? - wultivass underwater weld showing dendritic erain 
growth in second pass weld metal. (Black dots 
are polishing powder particles, not vorositv) 
(O0 1% Nitel etch) i 
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FICORE 33- WELD ZONE HARDNESS FOR 


SINGLE PASS WELDS 


7 o METAL BEAD SORFAC E 


Drac 


—O— /' SINELE PASS YY-80 
UNDERWATER WELDED TEE JOINT 






— — A —— A," SINGLE PASS Hy-8O AiR 
WELDED TEE IANT 


> A 
Base METAL 


0.05 o. CO OS O. 


2o 0.2.€ 0.30 0.35 
DISTANCE FROM SPECIMEN È CINCHES) 
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42.0 


380 


340 


320 


280 


260 


290 


22.0 
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FIGORE 3t- WELD ZONE HARDNESS Fok 
MOLTIPASS WELDS 


| [3] 4  ONDERIATER MULTIPASS WELD 
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B5. Results of " HY-80 Tee Joint Tests 
3/4" HY-80 tee-bend and tee-tensile test were conducted 
in the same manner as the t" HY-80 test specimens, Results 
of tee-bend test are shown in Table 6, Results of tee- 
tensile test are shown in Table 7. Figures 35 through 33 


are macro and micro-specimens of randomly selected 5/4" tee 


joints. 
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Table 6 - Results of Tee-Bend Tests 
Specimen Fracture load Total Bend angle Type fracture 
(lbs) at failure 
184 37,858 90 3 
18B 58,550 a 3 
18C 36,519 3° 3 
Average 
Series 18 37,642 8, 8° ME 
m 0 
meer. A 64,275 42 No Fracture 
* 
BNP. B 64,275 39° No Fracture 
Average 7 5 
Base plate 64,215 40.5 = 


"Rated capacity of bend testing machine 


Series 18 = Multipass underwater weld by author using £11018 
electrodes. 


Series B.P, = 3/4" HY-80 base plate (unwelded) 





TT 
Table 7 - Results of Tee-Tensile Tests 


Ginen Max. load to Shear Strength lbs, Ave, throat Shear 


failure(lbs) linear inch ‘in.’ dimension(in) Strength(vsi) 
9A M.7350 ` 11,493 0.5078 22,632 
9B 21,910 8,762 0.4296 20, 395 
or 18,915 7,566 0.3711 20,388 
rage 


bles 19 23,135 9,273 0.4361 21,138 


jeries 19 - Multipess underwater weld by author using E11018 
electrodes, 








Figure 35 - Multipass underwater welded 3/4" tee-joint 
using £11018 electrode. (2x, 3% Nital etch) 





Figure 36 - Region of porosity, slag inclusions, and 
voor fusion in 3/4" multipass underwater 
welded tee joint. (?00x, 1% Nital etch) 
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Figure 37 ¬ Region of dense porosity and slag inclusions 


in 3/4" multipass underwater welded tee joint. 
(200x, 1% Nital etch) 





Figure 383 - Lines of continuous slag inclusions along 
base plate-weld metal interface which 
prevented proper weld fusion of 3/4" 


underwater welded tee joint. (200x, 1% Nital 
etch) 





80 


Section C - Discussion of Test Results 


C1. +" HY-80 Fillet Weld Shear Tests 


pingle Pass Underwater Welds. It is first apparent 


that the single pass underwater fillet weld had extremely 
poor shear strength. There were a number of reasons for 
this including inadequate penetration, off-center weld bead 
positioning, and excessive undercut. The first two problems 
can be greatly reduced by welding technique and welder 
experience, as is demonstrated by the improved performance 
of single pass tee-bend and tee-tensile EC which were 


welded after the shear specimens. 


Multipass Underweter Welds. More encouraging wes the 
performance of the multipass shear specimens in which 
penetration was SE the wider bead positioned correctly, 
and the effects of undercut lessened. The average shear 
strength of these specimens was 79.7% of comparable single 
pass air~weld specimens also welded by the author. The Navy 
Underwater Cutting and Welding Manual (NAVSHIPS 0929-000-8010) 
accepts an underwater welded mild steel joint with °0% the 
strength of a similar air-welded joint. The initial value 
of 79.7% for the HY-80 shear specimens correlates well with 
the minimum value of 80% set for mild steel joints. Also of 
note is the fact that ali series except series 1? were welded 
by the author. Series 12 was welded by a Navy qualified 


ESO weder, ^ difference in shear strength of 18% was 
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found between the air welds made by the author to those made 
by the qualified welder. It is reasonable to assume that an 
approximate gain of 18% in the shear strength of underwater 
fillet welds could be achieved by a professional underwater 


welder, qualified to weld HY-80 steel. 


^ir and Underwater Welding Techniques. The reason 
multipass underwater welds are compared to single pass air 
welds in this case is that with the air welded specimens an 
adequate and acceptable joint was made with a single pass. 
An acceptable single pass underwater weld would have been 
preferred but was unattainable. It was found that nee! On 
the drag technique, which is required in low visibility 
underwater weiding, inhibits the welder from weaving the 
electrode along an ungrooved joint fit-up, as is freauently 
done in air welding. This electrode weaving techniaue can 
be effectively used to produce a large fillet bead relative 
to electrode diameter as shown in column 4 of Table 34. The 
advantage of the weaving technique is to increase welding 
heat input without causing burnthrough of relatively thin 
steel plate. The weaving technique was used in the multipass 
underwater welding of 3/4" HY-80 grooved tee joints, but 


x 
SUCCESS wos limited. 


اتا ا سیو oeme tm‏ 


X 
See Section Ad. 
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Effects of Weld Undercut. Although higher current 
settings and lower travel speeds would increase weld penetra- 
tion and produce a larger fillet, it would not reduce, and 
in extreme cases, even increase weld undercut. All underwater 
welds in both mild steel and HY-80 had excessive undercut, 
which appears to be an unavoidable problem even under 
optiminzed welding conditions. The single pass underwater 
welds produced small fillet beads which resulted in undercut 
close to the joint, as shown in figure 39. When tensile 
stress is applied to the shear specimens the undercut grooves 
act as continuous notches paralleling both sides of the weld 
bead. The notch roots cause local stress intensities which 
greatly reduce joint fracture toughness, resulting in 
premature shear fracture. By using multipass welds, undercut 
can be "pushed away" from the joint area and cut into the 
base plate material (see figure 40). Thus the effects of 
undercut on the joint are lessened, while the tougher base 


plate material can better withstand the local notch effect. 


Birects of Reduced Visibility. The underwater welding 
oz thin vlate lap joints is made extremely difficult by 
reduced visibility. A few seconds after are initiation the 
entire weld line becomes shrouded by a dense cloud of 
suspended flux particles which forces the welder to weld by 


Be)", Silva? notes that the flux particle is so small that 


va, Ec pp 65, 
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Figure 39 - Single pass underwater weld showing excessive 
undercut close to plate intersection. Bead 
vrofiles for fillet weld lap joints ere similar 
to those for fillet weld tee-joints. 





“igure 40 - Multipass underwater weld showing smal 


l degree of 
undercut further away from volete intersec 


CEON, 





or 
> 
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it cannot be filtered from the water by conventional mechanical 
means. In the case of tee joints the top of the tee will 
usually remain above the flux cloud, even in a small test 
tank, and the welder can judge the position of the ¿oint by 
mentally extending the exposed tee section on a straight line 
to the base plate. Thus the welder has a visual point of 
E vence with which to combine with the "feel" of the 
dragging electrode. This greatly facilitates the problem of 
accurately placing the weld bead in the case of tee joints. 
However with lap welds the entire joint and surrounding 
plates are completely enshrouded and even with the use of an 
electrode guide it is difficult to stay on the weld line. 
Within a few seconds of arc initiation there is no longer 

any point of reference and with two degrees of motion for 

the welder to control (i.e. electrode travel and electrode 
melt down) the usual result is a wavering weld bead which 
regularly wanders away from the desired weld line and causes 
gaps in the weld. In muitipass welding these gaps are closed 
by subsequent vasses and a more even and uniform weld is 


achieved, 


Single Pass vs. Multipass Underwater Welding. Thus the 
beneficial effects of multipass welding are threefold, while 


the main adverse effect is increased porosity in the weld 
"one, particularly the weld metal. While it is not 
impossible to make an acceptable single pass lap weld using 


a larger electrode size and higher heat input, even a qualified 
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welder under good operational conditions would have to limit 
the length of his weld beads to fairly small lengths in 

order to periodically realign himself. This is one reason 
why the Navy Underwater Cutting and Welding Manual ` recommends 
First bolting a cover plate patch in place before fillet 
welding during all underwater repair operations. Also during 
voyage repairs or salvage operations joint fit-up may be so 
meer, especially when repairing shaped hull plates, that 
multipass welding may be mandatory. The point to be 
emphasized is that many things have to go right for a single 
pass underwater fillet weld to even be practical, much less 


acceptable. 


Underwater Welding with Austenitic Stainless Steel 


Electrodes., Results of Series 10 specimens utilizing #11018 
electrodes showed that the shear strength of this series was 
nearly equal to the ultimate tensile strength of the E310-16 
austenitic stainless steel electrodes and therefore the shear 
strength of Series 13 specimens were expected to be unsccept- 
ably low. Test results confirmed this expectation, however 
if the 5110193 electrodes had proven totally unacceptable for 
use in underwater welding of HY-80 steel, the E510-16 
electrode would have proven itself capable of providing at 


least some degree of underwater weld shear strength. 





*See pages 6-24, Navy Underwater Cutting and Welding 


Manual, 
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C2. i" HY-80 Pee-Bend Tests 

The significant characteristic of the tee-bend test is 
that it measures solely weld surface quality. The specimen 
is اٹ‎ supported at each end and loaded at the center so 
as to place the entire weld surface in bend tension. The 
maximum load to failure, the type of fracture, and the bend 
angle at fracture initiation are then recorded and give a 
good indication of the effects of surface defects. As 
mentioned previously, tee joints could be much more easily 
underwater welded than lap joints. In addition, two 
underwater weiding modifications were employed on the tee 
joints, which increased weld quality. The first was that in 
Single pass underwater welds a slower travel speed was used 
with the same current input as for the lap joints. This. 
increased joint penetration as well as weld bead size, with 
no notable increase in surface porosity or decrease in weld 
undercut. The second was the discovery that higher electrode 
travel speeds during multipass underwater welding greatly 
reduced surface porosity (but not undercut) on the second 


pase. 


iffects of Hydrogen Entrapment on keld Quality, 


Obviously less heat input causes less hydrogen disessocia- 
tion in the vavor saturated welding arc, and therefcre less 
hydrogen entrapment in the weld zone. In addition the 


smaller weld bead presents less of an obstacle to escaping 
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arc gases”, Apparently tne diffusion rate of the hydrogen 
gas is sufficiently higher than the quenching rate of the 
weld metal, so that the percentage of entrapped hydrogen 

fas decreases rapidly with decreasing bead size. Rapid 
quenching in a water environment prevents any rise in overall 
plate temperature as the weld progresses, Thus there is no 
preheating effect ahead of the welding arc as there is in 

air welding. It can be then argued that for reasonable 
variations in underwater welding travel speed, the peak 

plate temperature under the arc will remain relatively 
constant along the entire joint and therefore the quenching 
rate will be essentially constant for different travel speeds 
and weld bead sizes. The result is that a larger weld bead 
will have more hydrogen gas entrapped deeper within the 
molten weld metal which is cooling at the same rate as a 
smaller weld bead. The conclusion is that from the standpoint 
of porosity two small weld beads, providing adequate penetra- 
tion, is betier than two large weld beads. Of course if 
post-weld surface peening or grinding can be accomplished, 
higher porosity could be tolerated in return for deeper 


penetration. 


Effects of Weld Undercut on Weld Quality. The tee bend 


test came the closest to isolating the effect of weld undercut 


Kemp, op. cit., PP 145, found that these gases are 
62-82% hydrogen. 
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on fracture initiation and propagation in underwater welds. 
As shown in figures 11 through 13, air welded tee specimens 
had very slight undercut with no real undercut notch. The 
underwater welded specimen has deep undercut with sharp 
notch roots. The degradation of bend strength in the under- 
water welds verses the air welds is therefore a good indicator of 
the underwater welded joint notch sensitivity. 

Table 4A shows that base metal bend strength is greater 
than that of any welded specimen. Thus in no case was 100% 
joint efficiency attained, and welded tee joints will degrade 
bend strength to a degree proportional to weld surface 
quality.  MIL-STD-OO418B does not take into account weld bead 
Size in bend strength calculations. However it can be seen 
from Table 4 that weld bead size is not significant since 
for air welds (no undercut) single pass bend strength is 96.3% 
of multipass bend strength, even though the average multipass 
throat dimension was 21% larger than that of the single pass 
series. The overall loss in bend strength for single pass 
and multipass underwater welds was 32.1% and 29.9% respectively 
compared to air welds. Therefore weld degradation due to 
surface defects is significant, i.e. an average of 31% for 
single and multipass welds. For air welds the average loss 
in joint efficiency over hY-980 base plate is only an average 
of 5.20% for single and multipass welds. Table 4B shows that 
the multipass underwater welds had a 6.7% higher bend 
strength than single pass underwater welds due partly to the 


larger fillet size and partly to the smaller, further removed 





uuercut notch. 


— Decrease in Underwater Weld Ductility. It is interesting 
to note that while ratio of bend strengths was 69% between 
air and underwater welds, the ratio of bend angle at failure 
was 47,5%, Therefore loss of ductility is approximately 
22% greater than loss in bend strength for underwater welds. 
At first glance this seems unsatisfactory, however when 
comparing single and multipass air welds to HY-80 base plate 
the ratios of bend angles is only 41%, so that. the loss in 
ductility is approximately 44% greater than loss in bend 
strength compared to HY-80 base plate, Thus the best that 
can be hoped for in underwater welding is to achieve air 
weld bend strength and ductility, which has proven satisfactory 
in years of operational service, even though percentagewise 


air weld tee joint ductility appears to be seriously degraded. 


05, i" HY-80 Tee Tensile Tests 

Tee tensile tests were conducted in order to determine 
relative tee joint strength in the absence of bending. In 
this way the effects of undercut would be minimized, if not 
eliminated during testing. Figure 11 shows that each weld 
bead has two uncercut notches, one at each fillet toe. The 
top undercut notch root is placed in local compression when 
an axial load is applied and crack initiation anda propagation 
is effectively inhibited. The bottom undercut notch root 


acts as a local stress intensifier, and in the case of base 


plate bending did indeed initiate fracture in tee-bend 


wm ` il > "mme me" ———— 
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Specimens and in the bent tee-tensile specimens. However 
when bending was physically prevented by the restraining 
disc shown in figure 9, experimental results showed that 
fracture did not in fact initiate at the bottom toe notch, 
and therefore was not the "weak link” in the joint. The 
weal link in this series of tests was the vertical weld leg. 
In other words the weld leg sheared before the bottom notch 


root stress reached 6 This is reasonable because the 


crit. 
notch root is oblique to the stress field, and the resultant 
stress acting perpendicular to the notch root is significantly 
less than the shear stress acting on the vertical fillet leg. 


Fracture surfaces of both sir and underwater welded tee 


tensile specimens are shown in figure 41. 


Underwater Weld Shear Strength vs Bend Strength. 


Especially noteworthy is the fact that in the absence of 
bending, the multipass underwater welds had a shear strength 
egual to 38,3% the shear strength of the multipass air welds. 
This is an 11.7% degradation in joint strength due to axial 
shear compared to a 31% degradation in joint strength due 

to bending. Therefore underwater weld undercut accounts for 
almost 75% of the total tee joint strength reduction. The 
need for minimizing undercut 18 apparent. 

The most encouraging discovery of this investigation 
was that underwater weld undercut could be greatly reduced 
through improved welding techniques and optimization of 
welding parameters for a particular joint configuration and 


Eun vec ihicokness8, sven during the short time of this 
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Figure 41 - Side view of fractured air welded (top) and 
underwater welded (bottom) tee-tensile 
specimens. In both cases fracture occurred at 
vertical fillet legs. 
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investigation a noticable reduction in severity of undercut 
was obtained by the author just from the experience of 
welding in a laboratory test tank. Of course a great deal 
more research and training will be necessary before an actual 
field repair is ever attempted. 

It was assumed in Section 3A that the maximum shear 
strength of a multipass air weld would not be significantly 
greater then a single pass air weld provided joint penetra- 
tion was adequate. As shown in Table 5 the ratio of single 
pass air weld to multipass air weld was 98.4%, In the case 
of pure bending the ratio was 96.3%. "The total difference 
assuming superposition of bend and axial stresses, is 5.3%. 
Therefore in the case of the fillet weld shear specimens 
a multipass air weld could be expected to have only about 
a 5% increase in shear strength over a single pass specimen 
for approximately a 50% increase in cost, since these 
specimens fractured through undercut root crack iniviation 


and propagation induced by axial shear stresses. 


C4.  Metallographic Analysis of £t'" HY-80 Welded Joints 








Single Pass Air and Underwater Welds. Experimental 





test results show that approximately 31% of underwater weld 
degradation was caused by undercut and 11.7% from cnanges 
in internal weld structure and defects. Figures 11 and 12 
illustrate the varying degrees GegunGement, porosity, weld 
zone grain structure, and joint penetration resulting from 


Single pass underwater welds made with similar heat inputs. 
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The left-hand bead of figure 11 shows the normal degree of 
undercut associated with single pass underwater welds. Note 
the fairly deep notches and sharp crack roots at both fillet 
toes. The right hand bead of figure 11 and the left hand 
bead of figure 12 are well shaped beads with little or no 
undercut and closely resemble the typical air weld bead 
Shapes illustrated in figure 13. The right hand bead of 
figure 12 shows two cases of excessive undercut. The undercut 
on the bottom fillet toe is so severe that it extends below 
the weld. (Close examination of the specimen shows that the 
crack-like extension is in fact weld undercut, rather than 
a crack which propagated during solidification from the 
lsrge notch immediately above it). Porosity and dendritic 
grein growth are present in the underwater weld metal and 
there is a continuous increase in grain size through the 
heat affected zone from the base metal interface to the weld 
metal interface. The latter is clearly defined by a line of 
large, non-denaritic grains, which appears rather porous, 
Eu oun fact is not. 

nach weld bead of figures 11 and 12 was welded at the 
same input (same welding parameter and ambient water tempera- 
ture, and by the same welder) yet one bead on each specimen 
was relatively undercut free while the others were deeply 
undercut. It is therefore apparent that weld undercut can 
he largely eliminated by proper and consistent welding 
proccdure. This is more easily said than done, because even 


under controlled laboratory conditions,and welding in just 


e "` wm 
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a few inches of water, it was beyond the ability of the author 


to lay down a consistently good weld bead, mainly due to 


Peeessive turbidity. 


The main characteristics of single pass underwater weld 


zones are as follows; 


heat affected zone grain size is considerably 
Smaller than base metal grain size at base metal 
interface (See figures 14 and 15). 

Heat affected zone grain size increases uniformly 
from the base metal interface to the welc metal 
interface. At the latter, HAZ and weld metal 
grain sizes are nearly equal, with the HAZ grain 
structure being the smaller of the two. Grain 
structure is highly directional through the heat 
affected zone (See figures 16 and 17). 

weld metal structure is characterized by large, 
dentritic grains with heavy grain boundaries, and 
is laced with porosity and microcracks, however no 
microcracks were observed extending into the heat 
affected zone (See figures 17 through 21). 

figure 17 shows a line of heavy grain boundaries 
in the heat affected zone side of the HAZ-weld 
metal interface similar to those found by 
Masubuchi and Martin Oin the heat affected zone 


of air welded HY-30 weldments. These heavy grain 


Ae 


lÓrasubuchi and Martin, op. cit. nn. 1-18 
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boundaries may be an initial stage of inter- 
granular cracking, although no definite cracking 
was observed in this region. 

e. Figure 21 shows intergranular microcracking in 
the weld metal. Note that porosity in the lower 
left hand corner has initiated microcracking. 
Very little porosity and no case of microcracking 
was observed in the heat affected zone or base 
metal of any underwater weld. This is in direct 
contrast to the findings of Masubuchi and Martin , 
where no case of pure weld metal cracking was 
found in an extensive survey of air welded HY-80 
joints. 

The main characteristics of single pass air weld zones 
are as follows; 

a. Heat affected zone grain sive is considerably 
smaller than base metal grain size at the base 
metal interface, resembling the uncerwater weld 
case except that grain structure is much less 
directional (See figure 22). 

b. The heat affected zone consists of two distinct 
regions. The region closest to the hbase metal 
Mitin] in fieure 13) Nas a smal] grain size 
which increases uniformly toward the weld metal 
(See figures ?? and 23). About two-thirds of 
the way through the heat affected zone (dark ring 


in figure 13) there is a sudden change in grain 
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size as shown in figure 24, The change in grain 
size is about fivefold and the large grains continue 
to increase uniformly all the way to HAZ-weld 
metal interface. There is no directional grain 
structure in either region of the heat affected 
zone except at the above interface. There was 
some porosity in the large grain region, but no 
case of microcracking was observed. Also grain 
boundaries were not as heavy as those found in 
the underwater weld heat affected zone. 

C,  Weld metal grain size is small, comparable to 
the small grained region of HAZ. Heat affected 
zone grain size at the HAZ-weld metal interface is 
quite large, comparable to the weld metal grain 
size in an underwater weld. Very little porosity 
and no case of microcracking was observed in the 
weld metal. Grain structure was non-directionel 


(See figuree 25 and 26). 


Multipass Underwater Welds. The main charecteristics 
of multivass underwater weld zones are as follows; 
a, There is extensive porosity throughout the weld 
{Oo eis lack oe meronzson the bottom fillet. 
The occurrance of microcracking in the multipass 
Zones was less than that found in the single pass 
underwater weld metal (See figure 27). 


bt. Grain size of first pass heat affected zone is 
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Similar to single pass HAZ, but the former has 
much less directional grain growth (See figures 
28 and 29). The first pass HAZ grain structure 
appeared to be largely unaffected by subsequent 
welding passes. No case of microcracking was 
found in this region. 

c. Multipass regions shown in figures 30 and 31 are 
composed of both Jarge and small grained regions 
due to the overlapping of large grained weld 
metal over small grained HAZ regions and vice 
versa. This probably accounts for the lower peak 
hardness shown in figure 34, Also the occurrance 
of heavy grain boundaries in multipass regions was 
rare, The composition of the multipass regions 
results in less hardness and therefore less 
cracking during quenching than single pass welds. 

d. No dendritic grain growth occurred in the multipass 
regions however the second pass weld metal region 
had extensive dendritic grain growth eaual to 


that of single pass weld metal (See figure 32). 


Air and Underwater Weld Zone Structures. The mein 
metallurgical difference between underwater and air welds 
are the radically different heat affected zone grain 
structures, the large difference in weld metal grain sive, 
ema the highly directional and dendritic structure of the 


underwater weld zone. Also the underwater weld metal was 
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much more porous and laced with intergranular microcracks, 
these are the differences which account for most of the 11.7% 
Loss in joint strength attributed to underwater weld structural 


chenges. 


Air anû Underwater Weld Zone Hardness, Figures 33 and 
34 show Vickers hardness for various air and underwater 
welds. Figure 33 shows that the maximum hardness occurs 
in the heat affected zone of both air end underwater welds. 
In the case of the underwater weld, maximum hardness occurs 
in the region of largest grain size, just before the H^Z-weld 
metal interface. For the air weld maximum hardness occurs in 
the center of the large grain region of the heat affected zone, 
n number of other interesting results are observed namely; 

a. ror both welds, base metal hardness decreases 
slightly as HAZ interface is approached. 

b, Maximum underwater weld hardness was greater than 
maximum air weld hardness even though air weld 
grain size was considerably larger at the points 
of maximum hardness, 

c. Underwater weld metal hardness decreased consider- 
ably between the liAZ interface and bead surface, 
while air weld metal hardness decreased to e 
secondary minimum at the center of the weld metal 
region and then quickly rose as the bead surface 
was approached. 


d. The multipass fillet weld shear specimen showed a 
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significantly lower maximum hardness in the 
multipass zones, apparently because of the annealing 
effect of subsequent weld passes. However the 

grain structures of regions where no pass over- 
lapping occurred (See figures 29 and 32) were very 
Similar to those of single pass underwater welds 
even though hardness readings were significantly 


lower. 


۲٣۰۸4" EY-S0 Tee Joints. 

The minimum preheat temperature for 3/4" HY-80 plate 
is 125°F verses 75°F for +" plate , therefore the adverse 
effect of ambient water temperature on the underwater weld- 
ability of 3/4" KY-80 was expected to be considerable. 
Experimental results and metallographic examination of 3/4" 


welded joints confirmed this expectation. 


Underwater Bend Strength. Bend tests of 3/4" underwater 
welded multipass tee joints were conducted for the purpose 
of comparing tee tend performance to base olate performance. 
However the bend strength of the unwelded 3/4" plate greatly 
exceeded the rated capacity of the bend testing machine 
resulting in an incomplete set of data. Even so some 
tentative conclusions on the relative bend strength of 3/4" 


Lee joints can be drawn, Firstly as shown in Table 63 the 


mere en 
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bend strength of these joints is well below 5% of base plate 


bend strength compared to 68,4% for 3" tee joints. Secondly 
the ratio of total bend angle at failure for 3/4" tee joints 


1 


n 


24.5% the total bend angle of i" tee joints. Assuming 
5/4" base plate has the ductility of 4" base plate (i.e. 130° 
total bend angle without failure), the percentage of 3/4" 


tee joint to base plate ductility is only about 54. 


Underwater Weld Shear Strength.  Tee-tensile test results 
were equally disappointing. The shear strength of 3/4" 
underwater welded multipass tee-joints was only 31.4% the 
shear strength of #" underwater welded multipass tee joints. 
The loss in weldability of thick HY-80 plate (>4") is 


extraordinary. 


Metallogrephic Examination. Since the severity of 


surface defects (i.e. undercut and surface cavities) was 
@emparable to that of 1" underwater welds, the great loss in 
overall weld quality must be attributed to internal weld 
detects and degradation of weld zone microstructure. 
Metallographic analysis showed that internal weld defects 
caused most of the loss in joint strength and ductility. 

Figure 35 shows a crossection of a 3/4" underwater 
welded tee joint (the right hand fillet has one less pass 
than the left hand fillet). Three weld defects ere immediately 
obvious; 

a, large regions of slag entrapment in the vicinity 


of the weld roots. 
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b. lack of fusion in the vicinity of the weld roots. 
C. lack of penetration at the weld roots due to 
premature weld metal solidification. 

Even with higher heat inputs the first pass on sach 
side of the tee was unsuccessful in penetrating the bottom 
tip of the bevel. Even though a relatively thin 1/8" 
diameter electrode was used to make the weld, the electrode 
was still too large to reach all the way to the tip of the 
bevel, and so weld metal had to be "blown into" the groove 
by the arc forces.  Entrapped water could have solidified 
the weld metal droplets as they approached the bevel root 
resulting in lack of fusion and slag entrapment. Figures 
36 through 38 show that slag entrapment, porosity, and poor 
fusion occurred simultaneously in many regions resulting in 
extremely poor joint strength. 

Figure 34 shows Vickers hardness through 3/4" specimen 
weld zones in order to correlate grain structure to hardness. 
The maximum hardness of both the 1/4" and 3/4" welds occurs 
in the center of the multipass zones. However the maximum 
hardness of the 3/4" multipass tee joints is significantly 
greater than that of the +" multipass lapweld. An increase 
of 67% in minimum preheat temperature resulted in a 30% 
increase in maximum hardness in the 3/4" specimens compared 
to the i" specimens. Thus the ambient temperature and 
quenching effect of the water environment drastically alters 


the 3/4" joint multipass zone hardness, 
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C6. x" and 3/4" HY-80 Tee Joints Welded in Salt Water 

As a last step in this investigation t" and 3/4" tee 
joints were welded in salt water, to see if there was any 
difference in joint weldability between fresh and salt water. 
"Dayno Synthetic Sea Salt" (See appendix B) was used to make 
the artificial sea water used in this test. Since time did 
not permit the cutting and testing of test specimens, it 
was decided to weld the two sets of tee joints under the 
identical conditiorsused in making the fresh water welds 
and then make a qualitative comparison of weld quality 
obtained in tne two aqueous media. No reference was found 
which investigated the difference in the hydrogen cracking 
potential of a salt water media compared to fresh water, 
however since no case of hydrogen induced macrocracking was 
observed in any fresh water weld, non was anticipated in salt 
water welding. The rationale here was thet fresh water 
welding produced an ample supply of dissociated nydrogen in 
the are, and quenched the weld bead just as fast as salt 
weter would. Thus the conditions for hydrogen cracxing were 
ma Sent, and the fact that none occurred in fresh water was 
quite surprising. Salt water welding would be expected to 
cause some changes in the rate of hydrogen dissociation, and 
BE ibliy in the amount entrapped in the weld zone, but these 
would be minor perturbations from fresh water welding 
conditions, and therefore no major changes from fresh water 


results woui?ó be expected, 
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Section D - Conclusions and Recommendations on the 





Underwater Welding of HY-80 Steel 


Conclusions 


The U.S. Navy is increasingly using HY-80 steel. in 
the fabrication of surface ship hulls. This is the 
time to begin developing an efficient operational 
system for the underwater repair and salvaging of 
HY-80 steel hulls. This investigation studied the 
feasibility of welding HY-80 plate underwater using 
current air welding technology. Experimental results 
showed that fairly efficient joints, comparable to 
underwater welded mild steel joint efficiency, could 
be fabricated underwater with thin HY-80 steel plate. 
(Thin plate here means <4", i.e. where minimum preheat 
temperature increases above 75°F). For thicknesses 
greater than $" underwater weldability decreases 
dramatically. 

These findings may appear restrictive however, 
due to the higher strength to weight ratio of HY-80 
steel compared to mild steel, most unarmored naval ship 
hulls will require relatively thin plate when fabricated 
from HY-80 steel. Therefore the $" maximum thickness 
restriction may in fact encompass the large majority 


of future naval ship hulls. 


Loss in underwater welded joint strength and ductility, 


Di. 
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when compared to similar air welded joints, resulted 
from two main causes; weld undercut, and weld zone 
microstructural changes and defects caused by severe 
quenching. It was found that for 4" HY-30 steel plate 
undercut accounts for almost 75% of the total underwater 
weld degradation, and weld zone structural changes and 


effects for the other 25%. 


In 3/4" HY-30 underwater welded joints, internal weld 
defects, especially heavy slag inclusion, prevented 
adequate fusion of weld metal and base metal. This 
accounts for the major portion of total weld degradation 


when compared to 3/4" HY-80 base plate. 


In general, multivass underwater welding of HY-80 
۰6٦16076767776۹ vo sinele pass welding. Multipass 
welds vere much more porous than single pass welds, 
but the effect of porosity was secondary compered to 
single pass weld undercut caused by the severe auenching 
of the aqueous environment. Porosity will reduce 
effective weld crossectional area, but undercut wil! 
cause severe stress intensities at the notch roots which 
in turn wil} cause premature, catastronic fracture 
especially in the presence of bend stresses. 

Multipass welds not only decrease the degree of 
indercut but increase fillet size and in so doing "push" 


tne undercut further away from the joint intersection. 


d. 
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Therefore a crack which initiates at an undercut notch 
root must propagate through a greater portion of the 
fracture tough HY-80 base plate rather than through 
the more notch sensitive weld metal and heat affected 


ONE, 


It was demonstrated in the underwater welding of thin 
HY-30 niate that weld undercut could be greatly reduced 
(but not eliminated) through the optimization of welding 
parameters and proper welding technique. This is where 


the Jargest payoff per dollar invested will result. 


Underwater weld quality and overall joint strength 
could be significantly increased through the use of 
post weld surface treatment. After both single and 
multipass welding, weld beads should be mechanically 
neened or ground down in order to eliminate surface 
cavities, and reduce or eliminate undercut. 

Uniike weld undercut, surface cavities will not 
significantly reduce joint strength per se, however it 
will allow the water environment access deep into the 
weld metal. This will result in accelerated corrosion 
through the formation of differential aeration cells 
which would eventually cause extensive local corrosion 


through the neat affected zone and into the base metal. 
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kecommendations 


Shrouded underwater welding of HY-80 steel should be 
tested and, if proven satisfactory, further developed. 
VYeldins shrouds have been used with good success in 

tie underwater welding of mild steer!’ Their main 
influence was to reduce the severe quenching effect 

of the underwater environment and provide some joint 
vreheating upstream from the arc. Since excessive 
quenching has a more adverse effect on the underwater 
welding of high strength steels than on mild steels, 
the resultant weld quality should be proportionately 
nigher. ‘the preheating effect could be extremely 
beneficial in the underwater welding of thick HY-90 
dee eat, 

Underwater welding of HY-80 steel should be studied 

ater depths, to obtain a more realistic appraisal‏ بت -۔ 
ol tie weld ouality end joint strength that could‏ 
actually be achieved at onerationel welding depths.‏ 

the effects of welding parameters and welding technique 
on tie degrees of weld undercut in single and multipass 
underwater welds should be studied further. 

The effects of input welding parameters on the hydrogen 
content ol single and multipass welds should be studied 
with the goal of minimizing entrapped hydrogen (and 


n dog e), 


سی سن لیے 


Wë, 


St 
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Efficient and safe methods of preheating and postheating 


Joints underwater, in addition to shrouding, should 

be studied. 

Underwater welding of HY-80 steel can be accomplished 
with present SMA underwater welding equipment. however 
an extensive training program is needed now to train 
and aualify divers in the underwater welding of HY-80. 
Also special tooling for post-weld peening, grinding, 
etc, may have to be developed if presently available 
pneumatic and electrical hand-held tooling is not 


adaptable to underwater work. 
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APPENDIX A 


SAMPLE CALCULATIONS 


1. Shear otrength. 


Shear Strengtn/Linear Inch - Maximum Load to Feilure(1b) 
2x Specimen Width (in) 


Shear Strength (psi)= Shear Strength x 1 
Linear Inch Ave Throat Dimen.(in) 


Example: Max Load to Failure = 10,0001b 
13” 
Ave Throat Dimen. z 0.20" 


Specimen Width 


Shear Strength/Linear Inch - 10,0001 `- 4,0001b/in 
2x 1.25 


Shear Strength = 4,0001b/in x 1 = 20,000 psi 
0.20” 


2. Heat Input. 
Heat Input = Current (AMP) x Voltage(V) , 60sec _ mean 


Travel Speed (in/min) min 


210 AMP (DC) 
28 VOLT 


Example: Current 


Voltage 


11.5 in. /min. 


Travel Speed 


2 


2104 x 28V . 60sec . 30,678 joules/in. 


Heat Input = 
11.5in/min min. 


From MIL-S-16216H: 


45,000 joules/in for the thickness < #" 


Max. Heat Input 
55,000 joules/in for thickness> 4" 
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APPENDIX B 


SYNTHETIC SEA WATER COMPOSITION 


Formula for one liter of solution at 1.025 specific gravity: 








Compound Weight (mg) Compound Weight(mg) 
NaCl 27,553.0000 LiCl 0. 9906 
MgC1+6H.0 5, 800.0000 Ca(CgH4 404)» 0,6604 
MgSO, 6,921.0000 KI 0.0951 
CaCl, 1,379.6000 KBr 28.5370 
KCl 733.9000 Cu as chloride 0.0018 
NaHCO, 209.7000 Al as sulphate 0.0082 
5۶0۷0160 19.8150 Co a8 sulphate 0.0201 
MnSO,*H,0 3.9626 Rb as sulphate 0.1120 
118120۰770 3.3021 Zn as sulphate 0.0159 
01و18(‎ 0۰ 20 0.9906 Fe as sulphate 0.0233 


Dayno Synthetic Sea Salt 


Dayno Sales Co, 
Massachusetts 


Lynn, 
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